Abstract: Diarylcarbenium ions (benzhydryl cations) are generated from diarylmethyl chlorides by 20-11s laser pulses (248 nm) in acetonitrile solution at 20 OC. The second-order rate constants for their reactions with n-and wnucleophiles (anions, alcohols, water, alkenes, allylsilanes, alkyl and silyl enol ethers) are determined by monitoring the decay of the UV-vis transients at variable nucleophile concentrations. Only reactive nucleophiles (k2 > 106-107 L mol-' s-I) can be investigated by this method because of the concomitant reactions of the carbenium ions with the solvent acetonitrile and the chloride ions roduced in the photoheterolysis. The largest observed values of k2 are -2 X 1Olo for reactions with anions and (2-4) X IO8, mol-' s-I for reactions with neutral nucleophiles. Alkoxy-substituted ethylenes are 300-1 Os times more reactive than the corresponding alkyl-substituted ethylenes. The reactivities of structurally analogous alkyl and silyl enol ethers differ by less than 1 order of magnitude. In sharp contrast to the situation previously observed for the reactions of benzhydryl cations with alkenes, the nucleophilic reactivities of the enol ethers correlate with their ionization potentials and not with the stabilities of the carbenium ions produced in the rate-determining step. The rate constants measured for the reactions of the flash photolytically generated benzhydryl cations with alkenes and allylsilanes agree well with those extrapolated from the reactivities of these nucleophiles toward less electrophilic benzhydryl cations, which have previously been determined by conventional techniques. Combination of the two sets of data yields a nucleophilicity scale with respect to the reference electrophile @-H3CC6H4)$H+.
Introduction
Although reactions of carbenium ions with alkyl and silyl enol ethers represent key steps of many synthetically important transformations,' kinetic data for these reactions have, to our best knowledge, not yet been reported. Quantitative information on the nucleophilicity of these donor-substituted ethylenes has previously been derived from kinetic investigations of their acidcatalyzed hydrolyses,2 their cycloaddition rates toward electron deficient alkenes' and dienes? and their low ionization potentials determined by photoelectron spectroscopy5 or UV-vis spectroscopy of CT complexes.6 We report now on the kinetics of the reactions of laser-flash photolytically generated diarylcarbenium ions7** toward alkyl and silyl enol ethers. For a comparison, we have also investigated some alkenes, allylsilanes, and n-nucleophiles under identical conditions. Since rate constants for the reactions of alkenes and allylsilanes with diarylcarbenium ions have previously been determined conventionally by monitoring the reaction sequence depicted in Scheme I,9 the two sets of data can be connected to give a more comprehensive nucleophilicity scale for mystems with respect to carbenium electrophiles.
Metbod
Diarylchloromethanes were photolyzed with 20-11s laser pulses (248 nm) in acetonitrile solution as described previously," to yield benzhydryl radicals and benzhydryl cations, which were detected by their UV-vis signals. In the presence of nucleophiles, the decay of the transient carbenium ion follows a firstsrder rate law (eq I), and the second-order rate the carbenium ions used in this investigation? only reactive nucleophiles with k2[nuc] 2 IO'S-' can be studied by this method.
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These findings agree with Dorfman's report that Ph2CH+ and Ph3C+ combine with halide ions (Cl-, Br-, I-) with rate constants of (3-9) X lolo, the diffusion limit in 1,2-dichloroethane.lh4 For the reaction of C1-with the structurally related p-anisyl-anaphthylcarbenium ion in acetonitrile/water (95/5), a rate constant clearly below the diffusion limit ( k , = 2.2 X lo9 L mol-' s-I) was found, while diffusion control was observed for the reaction of this cation with N3-(k2 = 1.8 X 1Olo L mol-' S-I).I*~ In acetonitrile/water (1 /2), the trityl cation reacts with C1-and Brwith rate constants of 2.2 X lo6 and 5 X lo6 L mol-' s-l, respectively.8a Only carbenium ions with low electrophilicity, such as the 1 -@-anisyl)-2,2-diphenylvinyl cation, have been reported to undergo activation-controlled reactions with anions as Br-and CH3C02-in pure acetonitrile.8c
Nitriles. Pseudo-first-order rate constants from 3.5 X lo5 s-I [@-H3CC6H4),CH+] to 3.8 X IO7 s-' Propionitrile (R = Et) shows a 4 times greater nucleophilicity toward Ph2CH+ than acetonitrile, but branching of the alkyl group increases the addition rates only slightly (Table 11) .
Water and Alcohols. In acetonitrile (>98.5%), perfect second-order kinetics are observed for the reactions of water and alcohols with the benzhydryl cation (Ph2CH+), in contrast to the situation in 1,2-dichloroethane solvent, where partial dimerizations of these nucleophiles cause complications.Ih" The nucleophilicity of the alcohols decreases with increasing branching of the alkyl group, and water ranges between isopropyl alcohol and tert-butyl alcohol. As shown in Table 111 , this is exactly the same nucleophilicity order as previously reported for the tris(p-anisy1)vinyl cation.8b*d The different reactivity order for alcohols in 1,2-dichIoroethanelk is probably due to the fact that partial dimerization of the alcohols in this solvent gives rise to a more complicated kinetic scheme, from which the reactivities of the monomers are not easily derived. Figure 2 show that the reactivities of the benzhydryl cations with water and ethanol correlate with the ethanolysis rate constants of the corresponding benzhydryl chlorides, which may be considered a measure for carbccation stability. The slightly smaller slope of the ethanol correlation is possibly due to the fact that these rate constants approach the diffusion limit.
Alkenes and Allylsilanes. The relative nucleophilicities of terminal vinyl compounds have previously been reported to be independent of the electrophilicity of the reference benzhydryl cation.9c Since these reactions are, furthermore, characterized by similar activation entropies, it is not surprising that the same reactivity order that has been reported for the reactions of terminal vinyl derivatives with (p-CH30C6H4)PhCH+ at -10 OC9 is now observed for the reactions of these nucleophiles with (p-CIC6H&CH+ at 20 OC:
1 -2 -8 < 9 < 5 < 10
Considerable deviations from the previously reported reactivity orders are observed, however, when nonterminal double-bonded compounds are included: According to Table V , tetramethylethylene (4) is 9 times more reactive than 2-methyl-1-pentene (l), in contrast to the reactivity ratio k(4):k(l) = 1:4.5, which has been measured with respect to @-CH30C6H4)PhCH+ at -70 0c.9
Analogously, compounds 10 and 11 show a similar reactivity toward ( J~C I C~H~)~C H + at 20 "C ( Table V) , whereas 10 has been reported to be 2 orders of magnitude more reactive than 11 toward @-CH30C6H4)PhCH+ a t -70 oC,9e These deviations are a consequence of the more negative activation entropies for nonterminal vinyl systems and of the different sensitivity of terminal and nonterminal n-systems to electrophile variation^.^^ As the relationships between structure and reactivity have already been discussed in detail for these classes of compound^,^ we will now concentrate on the comparison of rate constants determined by the different methods.
In a previous paper, we have reported rate constants for the reactions of four differently substituted carbenium salts Ar2CH+BC1; with methylenecyclopentane (5) in CH2CI2 at -70 oC.9c We have now measured the rates of the reactions of this nucleophile (5) with four additional benzhydryl cations generated by laser flash photolysis in acetonitrile at 20 "C (Table VI) .
In order to convert the published k2 (-70 "C) values" to 20
OC, we take advantage of the fact that AS' for the reactions of benzhydryl cations with various n-nucleophiles is generally constant within a reaction series,Ae i.e., when only the p-substituents of the carbenium ions are altered. The activation entropy determined for the reaction of @-CH30C6H4)PhCH+ with methylenecyclopentane 5 (AS' = -123 J mol-' K-I) can, therefore, be combined with the rate constants measured at -70 "C to calculate k2 (20 "C) for the lower four entries of Table VI . Now, the rate constants for the reactions of the benzhydryl cations with methylenecyclopentane 5, determined by two different methods, can be plotted against the corresponding rate constants for water to give a linear correlation (Figure 3) , which proves the mutual consistency of the two methods. A correction for the use of different solvents has not been carried out, since the rate ratio k(acetonitrile)/k(CH2CI2) can be derived to be relatively small (factor 3).9a Equation 3 has been reported to correlate the reactivities of benzhydryl cations toward alkenes and allylelement compounds (CH2C12, -70 "C) with the ethanolysis rate constants of the corresponding benzhydryl chlorides. For several alkenes and allylelement compounds, s and c values have been listed.sc-c As eq 3 refers to isoentropic reaction series,I4 it can be adjusted to different temperatures by multiplying the slope with 203/T (eq 4). The temperature-dependent nucleophilicity parameters const for the nucleophiles listed in Table VI1 have been calculated by the following procedure. From the known activation parameters for the reactions of (p-H3COC6H4)PhCH+ with these nucleophiles? one can derive log k2(CH2C12, 20 "C), as listed in column 3 of Table VII . Since eq 4 also refers to @-H3COC6H4)PhCH+, log k2( T, CHZCI,) = -256s/ T log kWlv + const ( from eq 4 by filling in the log k2 values (column 3), the ethanolysis rate constant of p-methoxybenzhydryl chloride (log kh = -0.301; ref 13), s (column 2), and T (293 K). Now, the rates of addition of all benzhydryl cations (of known log kW,J to the nucleophiles listed in Table VI1 can be calculated from eq 4. Calculated addition rate constants for (JI-CIC~H~)~CH+ are listed in column 5 of Table VII .
Comparison of the rate constants thus extrapolated (CH2CI2, column 5, Table VII ) with the corresponding experimental value (CH3CN, right column) shows deviations by less than a factor of 4, a satisfactory agreement, when the crude method of extrapolation is considered. A direct comparison of the rate constants determined in this work with the previously published reactivity data9 is, thus, possible. Including the earlier results of competition experiment^,'^ there are now three independent sources of kinetic data for the reactions of carbenium ions with n-nucleophiles, all of which are in mutual agreement.
Alkyl and Silyl Enol Ethers.
While most of the compounds 14-34 have only been studied with one or two benzhydryl cations (Table V) , the relationship between addition rate constants and structure of the carbenium ions has systematically been investigated with compounds 29, 25, and 32 (Table VIII) . Figure 4 demonstrates that, also for highly reactive systems (k2 = 10' -109 L mol-' s-l), a correlation between electrophilic reactivity and the stabilization of the benzhydryl cations (expressed by the corresponding solvolysis rates) exists. While the paucity of data s-'. As a consequence, reactivity orders for nucleophiles can also be derived from kinetic investigations with highly electrophilic carbenium ions (k2 = 108-109 L mol-' s-'), but the selectivities become smaller in these cases. On the other hand, Figure 3 and Table VI1 indicate that the linear free energy relationships, derived for slow reactions ( 10-3-104 L mol-' s-'), include systems with rate constants of 107-108 L mol-' s-'; i.e., selectivities are controlled by the same factors in the whole range from to IO8 L mol-'
S-'.
Variation of the Alkoxy Croup. Alkyl vinyl ethers with primary alkyl groups hardly differ in reactivity (14-16), but tert-butyl vinyl ether (17) is 2.5 times more reactive toward (pCIC6H,)2CH+ than ethyl vinyl ether (14) ( Table V) . The higher nucleophilicity of 17 compared with 14 has previously been observed in [2+2]-cycloaddition reactions with tetracyanoethylene (k17/k14 = 14)38 and diphenylketene (kll/k14 = 14)." Comparison of Alkoxy-and Siloxyethylenes. The reactivities of structurally analogous alkoxy-and trimethylsiloxy-substituted CC double bonded systems differ by less than 1 order of magnitude. As shown in Chart I, the reactivity order for alkyl and trimethylsilyl enol ethers may be reverse for different structural t Y Pes.
Similar nucleophilicities of alkyl and analogously substituted trialkylsilyl vinyl ethers have also been observed with respect to other electrophiles. Tidwell reported trimethylsilyl vinyl ethers to hydrolyse via rate-determining nucleophilic attack on silicon. In contrast, the corresponding tert-butyldimethylsilyl vinyl ethers hydrolyze by initial ratedetermining carbon protonation, and for a series of compounds, the methyl ethers 35 were found to be 2.5 times as reactive on average as their tert-butyldimethylsilyl counterparts 36. Even smaller ratios are derived for these two pairs (18/1 and 25/6) when (p-CIc6H4),CH+ is used as the reference electrophile, since then the more reactive component of these couples approaches the diffusion limit. On the other hand, the reactivity ratios of 1 O5 (14/ 1 -hexene) and 300 (18/1), which are observed with respect to (p-MeC6H4),CH+, can be expected to reflect also the relative reactivities of alkenes and analogous enol ethers toward less reactive carbenium ions, since the rate constants used for these comparisons ( k , < 5 X 10') fall into the linear section of the log k,/log k , , correlations. Greater enol etheralkene ratios (1.6 X lo7 and 6.1 X IO5, Chart 11) have been reported for H,O+ additions.28
Laser-Flash Photolytically Generated Carbenium Ions
Alkoxy substituents raise the nucleophilicity of CC double bonds toward carbenium ions only slightly more than CH2Si(CH3), groups (14/9 and 18/10, Chart 11). In contrast, ethyl vinyl ether (14) is 18 000 times more reactive than allyltrimethylsilane (9) in the stepwise [2+2]-cycloadditions with 2,2-bis(trifluoromethyl)-I , I -dicarbonitrile.'* The higher nucleophilicity of five-membered-compared with six-membered ring compounds, which has previously been noticed in reactions of benzhydryl cations with cycloalkenes,gb is also observed in the enol ether series (cf. 22/23 and 31/32, Table V 
H ' H
The large a-and small @-methyl effects, observed for additions of carbenium ions to alkenes,9b,e*f are thus compatible with unsymmetrical, weakly bridged transition states as derived from stereochemical investigations.22
Entries 3, 5 , and 8 (Table IX) show that the activation by a-methyl groups decreases from 24 800 (isobutene/propene) to 1740 (allylsilanes 10/9) and 5.9 (vinyl ethers 18/14) as expected because of the decreasing electron demand in this series. Smaller reactivity ratios for the pairs 10/9 and 18/14 are observed in entries 6 and 7, as rate constants close to lo9 are involved.
In contrast, the magnitude of the @-methyl effect increases with increasing nucleophilicity of the *-system (Table IX) . While propene and (E)-2-butene exhibit similar reactivity (entry 3), entries 4 and 5 show that 0-methyl groups now activate by 1 order of magnitude (trimethylethylene/isobutene and crotyltrimethylsilane/9). In the group of vinyl ethers, the &methyl effect has overtaken the a-methyl effect, and compounds 20 and 21 are more nucleophilic than 18 (entries 7 and 8) .
In (1.76)ihan to 19 (0.476), 20 (0.159), a n d i l (methoxy compound, 0.0252 L mol-' s-').,~ The rate constank for the additions of carbenium ions to alkenes correlate with the stabilities of the carbenium ions produced in the rate-determining and there is no significant correlation between nucleophilic reactivities and ionization potentials of the alkenesgf The situation is different for enol ethers: Now the stabilities of the carboxonium ions produced in the addition steps are of minor importance, and Figure 5 shows a fair correlation between rate constants and ionization potentials. This is exactly the trend one would expect when one changes from slow reactions with late (productlike) transition states (alkenes) to fast reactions with early (reactantlike) transition states (enol ethers). This interpretation is inconsistent, however, with our previous conclusion that the transition-state structure of such reactions can only be affected by substituents in the immediate proximity of the reaction centerOgf Kinetic investigations of reactions of enol ethers with less reactive carbemium ions are needed to disentangle this conflict.
Conclusion
The bis(ptoly1)carbenium ion [(pCH3C6H4)$H+], which has been used to determine the nucleophilicities of enol ethers and n-nucleophiles in this work, has previously been employed for kinetic studies with less nucleophilic alkenes and allylelement compound^.^ When these two sets of data are combined, the nucleophilicity scale in Chart 111 is obtained.
Chart 111 summarizes that alkoxy-substituted ethylenes are more nucleophilic than alkyl-substituted ethylenes and that their nucleophilicity is comparable to that of alkyl-substituted allylsilanes, water, and alcohols. Since log k2/log kmlv correlations, as shown in Figure 4 , are linear for k2 values from IO4 to IO8
and are parallel for terminal vinyl derivatives, one can assume that the relative reactivities for the enol ethers 14 and 18, the allylsilanes 9 and 10, isobutene, and I-hexene given in Chart 111 also reflect their relative reactivities toward less electrophilic carbenium ions. As analogous linear free energy relationships for n-nucleophiles have smaller slopes,mu the relatiue reactivities of water and alcohols (compared to *-systems) are expected to grow as the electrophilicity of the carbenium ions decreases. The large values of the rate constants given for the reactions of @-H3CC6H4)2CH+ with the enol ethers and many allylsilanes in Chart 111 imply that all these compounds will undergo diffusion-controlled reactions with somewhat more electrophilic carbenium ions. Accordingly, Table V shows that many reactions of (p-ClC6H4)2CH+ (pKR+ = -14)'O are getting close to the diffusion limit, and one can extrapolate that carbenium ions with pKR+ < -1 5 will undergo diffusion-controlled reactions with the nucleophiles listed above water in Chart 111. These carbenium ions, which include most alkyl cations, are therefore expected to show zero selectivity in their reactions with enol ethers, allylstannanes, and most of the allylsilanes.
